Intestinal macrophages are critical for gastrointestinal (GI) homeostasis, but our understanding of their role in regulating intestinal motility is incomplete. Here, we report that CX3C chemokine receptor 1-expressing muscularis macrophages (MMs) were required to maintain normal GI motility. MMs expressed the transient receptor potential vanilloid 4 (TRPV4) channel, which senses thermal, mechanical, and chemical cues. Selective pharmacologic inhibition of TRPV4 or conditional deletion of TRPV4 from macrophages decreased intestinal motility and was sufficient to reverse the GI hypermotility that is associated with chemotherapy treatment. Mechanistically, stimulation of MMs via TRPV4 promoted the release of prostaglandin E2 and elicited colon contraction in a paracrine manner via prostaglandin E receptor signaling in intestinal smooth muscle cells without input from the enteric nervous system. Collectively, our data identify TRPV4-expressing MMs as an essential component required for maintaining normal GI motility and provide potential drug targets for GI motility disorders.
In Brief
How intestinal macrophages regulate intestinal motility remains poorly understood. Luo et al. demonstrate that muscularis macrophages expressing the TRPV4 channel promote GI motility by directly affecting the function of intestinal smooth muscle cells independent of the enteric nervous system.
INTRODUCTION
Macrophages exhibit highly diverse properties and play critical roles in maintaining tissue homeostasis throughout the body (Glass and Natoli, 2016; Gordon and Taylor, 2005; Wynn et al., 2013) . Additionally, they have been implicated in a variety of processes including, but not limited to, protection against infectious organisms, cancer, and unchecked inflammation (Brown et al., 2017; De Palma et al., 2017; Markel et al., 2007; Mowat et al., 2017; Zhao et al., 2008) . Emerging studies indicate that macrophages have highly specialized functions that are likely shaped by the tissue microenvironment (Gosselin et al., 2017; Hulsmans et al., 2017; Lavin et al., 2014; Nguyen et al., 2011; Okabe and Medzhitov, 2014; Paolicelli et al., 2011; Soncin et al., 2018; Theurl et al., 2016) . In the gastrointestinal (GI) tract, macrophages derived from yolk sac embryonic precursors are not capable of self-maintenance but instead are constantly replenished by monocytes derived from the bone marrow in adulthood Ginhoux and Guilliams, 2016) . The largest population of macrophages in the body reside within the GI tract with a high density in the lamina propria (LP) and the smooth muscle, or muscularis, layers of the colon (Lee et al., 1985) . Although it is well known that LP macrophages play crucial roles in GI immunity to pathogens Grainger et al., 2017; Joeris et al., 2017) , the functions of muscularis macrophages (MMs) in the smooth muscle layers are not well understood.
MMs have been shown to differentially influence GI motility in a multitude of settings including postoperative ileus (Boeckxstaens and de Jonge, 2009; Wehner et al., 2007) , recovery of motility from surgery (Farro et al., 2017) , diabetic gastroparesis (Choi et al., 2010) , and enteric helminth infections (Zhao et al., 2008) . Although MMs have been shown to interact with both the extrinsic autonomic nervous system and intrinsic enteric nervous system (ENS) to regulate GI motility (Gabanyi et al., 2016; Muller et al., 2014) , the precise mechanisms that underlie these neuroimmune interactions remain poorly understood. Further, MMs have been shown to be in close proximity to smooth muscle cells (SMCs) in the muscularis layers De Schepper et al., 2017) , provoking the hypothesis that direct macrophage-smooth muscle cell interactions may regulate GI motility.
GI dysmotility is one of the most common medical complaints and can present in a variety of settings ranging from irritable bowel syndrome (IBS) to side effects of chemotherapy that can impact life-saving therapy (Cash and Chey, 2005; McQuade et al., 2016) . Chemotherapy-induced diarrhea is a common side effect that frequently causes patient morbidity and mortality and often results in dose reduction or cessation of therapy (McQuade et al., 2016; Stein et al., 2010) . Therefore, understanding the precise mechanisms that underlie both physiological and pathological GI motility is of paramount importance.
Transient receptor potential (TRP) channels are a large superfamily of cation channels that regulate a number of sensory functions including vision, taste, thermosensation, pain, and itch (Damann et al., 2008; Luo et al., 2015; Ramsey et al., 2006; Venkatachalam and Montell, 2007) . A subset of TRP channels are expressed in the gut and have been shown to regulate GI motility under both steady-state and pathological conditions (Cenac et al., 2015; Tsvilovskyy et al., 2009; Wouters et al., 2016) . TRPV4 specifically is a molecular sensor of thermal, mechanical, and chemical cues, which has been shown to be expressed in epithelial cells and neurons in the gut and to contribute to both somatic and visceral hypersensitivity as well as GI inflammation (Cenac et al., 2015; D'Aldebert et al., 2011; Holzer, 2011; Nilius and Szallasi, 2014; Voets, 2014) . However, whether TRPV4 regulates GI motility remains to be explored.
In this study, we demonstrated that CX3C chemokine receptor 1 (CX3CR1)-positive MMs expressed TRPV4 and identified a role for macrophage-specific TRPV4 in mediating colon motility. We uncovered a direct interaction between MMs and SMCs promoting colon contractility that was regulated by TRPV4 and commenced independently of the ENS. Employing macrophage-specific deletion as well as pharmacologic inhibition of TRPV4, we were able to attenuate chemotherapy-associated GI dysmotility. Collectively, our findings indicate that TRPV4 may represent a therapeutic target for GI motility disorders and they highlight a paradigm in which macrophages directly influence smooth muscle physiology in the gut.
RESULTS

TRPV4 Promotes Intestinal Motility
Although several members of the TRP family are expressed in the gut and have been implicated in controlling GI motility, the specific contributions of TRPV4 to this process remain largely unknown. To explore the role of TRPV4 in motility, we measured GI transit by examining the distribution of an orally administered fluorescent dye along the GI tract over 90 min in both Trpv4 +/+ and Trpv4 À/À mice (Shah et al., 2010) . GI transit was significantly reduced in Trpv4 À/À mice compared to control Trpv4 +/+ mice ( Figure 1A ). In further support of reduced GI motility, the number of formed fecal pellets retained in the colon was significantly increased in Trpv4 À/À mice compared to Trpv4 +/+ mice ( Figures  1B and 1C) , while the water content of freshly expelled fecal pellets was significantly reduced in Trpv4 À/À mice in comparison to
Trpv4
+/+ mice ( Figure 1D ). Collectively, these results demonstrated that global loss of TRPV4 function disrupted normal GI motility in mice. We next tested whether activation of TRPV4 directly increases GI motility in vivo by counting the total number of fecal pellets expelled within 30 min after intraperitoneal (i.p.) injection of GSK1016790A (GSK101), a potent and selective TRPV4 agonist (Thorneloe et al., 2008) . GSK101 significantly increased the number of fecal pellets in Trpv4 +/+ mice ( Figure 1E ) but not Trpv4 À/À mice ( Figure 1F ). In agreement with our in vivo studies, we found that GSK101 elicited robust contractile responses in ex vivo colon strips from Trpv4 +/+ mice in a concentration-dependent manner (Figures S1A and S1B), while colon strips from Trpv4 À/À mice failed to respond ( Figures 1G and 1H) , indicating that the effect of GSK101 was highly specific. Further in support of this, GSK101-induced colon contraction in Trpv4 +/+ mice was abolished by two selective TRPV4 antagonists, HC067047 (HC067) (Everaerts et al., 2010) and GSK2193874 (GSK219) (Thorneloe et al., 2012) (Figures S1C and S1D) . Combined, these studies established that selective activation of TRPV4 was sufficient to induce intestinal smooth muscle contraction ex vivo and regulated GI motility in vivo under homeostatic conditions. To examine whether TRPV4 may also regulate gut motility in pathologic states, we employed a model of chemotherapy-associated GI dysmotility where mice were treated with the chemotherapy drug irinotecan (IRI). As in patients who receive IRI, we detected significantly accelerated GI transit in wild-type (WT) mice treated with IRI as measured by dye migration ( Figure 1I ). Trpv4 mRNA levels were significantly increased in the colon of mice treated with IRI ( Figure 1J ), and both pharmacological inhibition ( Figure 1K ) and genetic ablation ( Figure 1L ) of TRPV4 significantly attenuated the increase in GI transit induced by IRI administration. Collectively, these studies demonstrated that TRPV4 played an important role in regulating homeostatic and pathological GI motility. However, the cellular mechanisms by which TRPV4 influences these processes remained unknown.
TRPV4 Is Functionally Expressed by Intestinal MMs
GI motility is traditionally believed to be dictated by synchronized activity from intestinal SMCs, pacemaker interstitial cells of Cajal (ICCs), and motor neurons in the ENS (Sanders et al., 2012) . However, whether these cells express TRPV4 is not well defined. In previous studies, the expression pattern of TRPV4 has been investigated by western blot and immunohistochemical methods using TRPV4 antibodies (D'Aldebert et al., 2011; Mochizuki et al., 2009) , but the specificity of commonly used TRPV4 antibodies has been a recent area of controversy (Cenac et al., 2010; Grant et al., 2007; Ryskamp et al., 2011) . To circumvent these potential technical difficulties, we used a transgenic approach to identify TRPV4-expressing cells by expressing eGFP under the control of the endogenous TRPV4 promoter (designated as Trpv4 eGFP ) (Gong et al., 2003; Luo et al., 2018) .
In order to identify TRPV4-eGFP + cells in the colon, we undertook a rigorous analysis of the morphology and cell surface markers of TRPV4-eGFP + cells. We found that the TRPV4-eGFP + cells in the whole-mount preparations of the longitudinal muscle layer and the myenteric plexus displayed a macrophagelike morphology and expressed F4/80 and CD206, commonly used colonic macrophage markers (Figures 2A-2C ; Mikkelsen, 2010). Further, we did not detect any co-localization of TRPV4-eGFP with HuC/D (a pan-neuronal marker) (Hu et al., 2002) , Anoctamin-1 (ANO1) (a marker for ICCs) (Gomez-Pinilla et al., 2009 ), Sox10 (a glial marker) (Boesmans et al., 2015) , or alpha smooth muscle actin (a-SMA) (a specific marker for SMCs) in whole-mount preparations of the longitudinal muscle layer and the myenteric plexus from Trpv4 eGFP mice ( Figures   2D-2G ). To further characterize TRPV4-expressing cells, we isolated cells from the muscularis externa and performed flow cytometry. Nearly all of the TRPV4-eGFP + CD45 + cells were CD11b + and major histocompatibility complex (MHC) II + (Figure 2H ), consistent with a MM identity (Muller et al., 2014 Figure 2I ). In contrast to infiltrating monocytes that highly express Ly6C, TRPV4-eGFP + CD45 + cells lacked expression of Ly6C ( Figure 2I ), demonstrating that TRPV4 was expressed by a distinct subpopulation of resident MMs in mouse colon. Next, we characterized the functional consequences of TRPV4 signaling in sort-purified MMs ( Figures 3A and 3B All data are pooled from two to four independent experiments. Data are mean ± SEM. In this figure, statistical significance was determined with the use of Student's t test (A, C-F, H-L). *p < 0.05, **p < 0.01; n.s., not significant. See also Figure S1 . activated an outwardly rectifying TRPV4-like current in the TRPV4-eGFP + MMs freshly isolated from the tunica muscularis externa of Trpv4 eGFP mice that was abolished by the TRPV4 antagonist HC067 (Figures 3G-3I) . Thus, these studies demonstrated that MMs expressed functional TRPV4.
Consistent with a lack of TRPV4 expression in intestinal SMCs, GSK101 had no effect on membrane currents evoked in isolated mouse colonic SMCs, though carbachol evoked robust currents (Figures S2A and S2B) . GSK101 also failed to elicit a [Ca 2+ ] i response in freshly isolated mouse colonic SMCs (Figures S2C and S2D) . Similarly, application of GSK101 did not evoke a measurable [Ca 2+ ] i response in cultured mouse colonic myenteric neurons ( Figures S2E and S2F ). Further, blocking enteric neurotransmission with tetrodotoxin (TTX) did not suppress the GSK101-elicited contractile response ( Figure S3 ). Collectively, these results demonstrated that MMs, but not traditional components of intestinal contractile machinery, express functional TRPV4 and TRPV4-dependent colon contraction occurred independently of the ENS.
Optogenetic and Chemogenetic Stimulation of Intestinal Macrophages Produces ENS-Independent Colon Contraction
The selective expression of TRPV4 on MMs ( Figure 2 ) and the ability of GSK101 to induce colonic contraction without ENS input ( Figure S3 ) suggest that MM-specific stimulation was sufficient to induce colon contraction. To test this possibility, we sought to undertake an approach to explore gut motility by directly stimulating MMs using both optogenetic and chemogenetic methods with Cx3cr1 CreER line based on the finding that TRPV4-epressing MMs are CX3CR1 hi ( Figure 2I ). Figure 4F ). Treatment with the neuronal inhibitor TTX did not significantly reduce the contraction ( Figure 4G ), further supporting that macrophage-mediated colon contraction did not require ENS input. In a complementary fashion, we also generated Cx3cr1 CreER ;Gq-DREADD mice in which we could selectively stimulate all CX3CR1 + MMs in the colon strips by using the DREADD ligand clozapine-N-oxide (CNO) (Urban and Roth, 2015) . In contrast to local optogenetic stimulation by blue light, this approach enabled the stimulation of DREADD-expressing MMs in the entire colon. CNO application to colon strips from Cre + Cx3cr1
CreER ;Gq-DREADD mice evoked robust and TTX-insensitive colon contractions ( Figures 4H and 4I) . Together, these results demonstrated that stimulation of MMs could induce colon contraction without ENS activity. However, the downstream molecular mediators of TRPV4-induced MM-mediated colon contraction remained unknown.
Colon Contraction Caused by MM Stimulation Requires PGE2 and COX-1 Previous studies have shown that nitric oxide (NO) and prostaglandin E2 (PGE2) are two of the primary inflammatory mediators released by activated intestinal macrophages and broadly regulate GI motility (Mori et al., 2014; Stenson, 2007) . Although NO mainly inhibits the contraction of intestinal SMCs, PGE2 has a complex effect on GI motility as it can both increase and reduce intestinal muscle tone via distinct membrane-bound G proteincoupled E-prostanoid receptors (EP1-EP4) (Wang et al., 2005) . segments from 3 mice per group. All data are pooled from two to three independent experiments. Data are mean ± SEM. In this figure, statistical significance was determined with the use of Student's t test (D, G, and I). ***p < 0.001; n.s., not significant.
Both EP1 and EP3 are involved in PGE2-induced contraction of isolated guinea pig ileal SMCs (Botella et al., 1993) as well as PGE2-elicited contraction of small intestine in rabbits (Grasa et al., 2006; Okada et al., 2000) . Consistent with the stimulatory effect of EP1 and EP3 on intestinal motility, application of PGE2 directly to freshly isolated colonic SMCs elicited a robust [Ca 2+ ] i response that was severely attenuated by EP1 receptor antagonist SC 51089 (SC510) and EP3 receptor antagonist L-798106 (L798) but not EP2 receptor antagonist PF 04418948 (PF044) and EP4 receptor antagonist L-161982 (L161) ( Figure S4 ). Further, GSK101-elicited colon contraction was suppressed by EP1 receptor antagonist ( Figure 5A ) or EP3 receptor antagonist ( Figure 5B ) in a concentration-dependent manner, but not affected by high concentrations of either EP2 receptor antagonist or EP4 receptor antagonist ( Figure S5A ). Thus, these observations demonstrated that TRPV4 regulation of gut motility depended on EP1-and EP3-mediated PGE2 signaling. PGE2 is a major metabolite of cyclooxygenase (COX), an enzyme that exists in at least two different isoforms (constitutively expressed COX-1 and inducible COX-2). To determine the role of COX-1 and COX-2 in TRPV4-mediated colon contraction, we measured the GSK101-induced colon contraction in both Cox1 À/À and Cox2 À/À mice. GSK101-induced colon contraction was severely attenuated in Cox1 À/À mice but not
Cox2
À/À mice compared to their WT littermates ( Figures 5C   and 5D ). Further, SC 560, a selective COX-1 inhibitor, markedly suppressed GSK101-induced colon contraction (Figure S5B) . Collectively, these studies showed that TRPV4-mediated colon contraction, in addition to being dependent on PGE2, was selectively dependent on COX-1, a key enzyme that generates PGE2.
To determine whether TRPV4 signaling on MMs could elicit PGE2 release directly from these cells, we stimulated sort-purified MMs with GSK101 and measured PGE2 levels. GSK101 stimulation evoked nearly a 4-fold increase of PGE2 release from MMs of Trpv4 +/+ mice compared to vehicle treatment.
Increased PGE2 release was absent from GSK101-stimulated MMs harvested from Trpv4 À/À mice ( Figure 5E ). Furthermore, GSK101-induced PGE2 release was completely abolished in a Ca 2+ -free condition ( Figure S5C ), confirming that TRPV4-mediated Ca 2+ influx was essential for increased PGE2 levels. Activation of other TRP channels including TRPA1 by allyl isothiocyanate (AITC) and TRPV1 by capsaicin did not evoke significant PGE2 release in MMs (Figure 5F ), suggesting that selective activation of TRPV4 in MMs promoted PGE2 release. Consistent with our studies showing that TRPV4-mediated colon contraction was COX-1 dependent, GSK101 did not evoke PGE2 release in MMs from Cox1 À/À mice ( Figure S5D ). Previous studies have shown that activation of extracellular signal-regulated kinase 1 and 2 (ERK1/2) activates phospholipase A2 (PLA2), leading to increased release of arachidonic acid, the substrate of PGE2 production catalyzed by COX-1 (Sauvant et al., 2002) . Similar to these findings, both ERK1/2 (PD98059) and PLA2 (arachidonyl trifluoromethyl ketone, ATK) inhibitors markedly inhibited TRPV4-mediated PGE2 release from MMs (Figure 5G ). In line with the involvement of PGE2 signaling in TRPV4-evoked MM-mediated colon contraction, we observed that both optogenetic and chemogenetic stimulations of MMs promoted PGE2 release and induced EP1 and EP3 receptordependent colon contraction ( Figures 5H-5K) . Collectively, these studies demonstrated that stimulation of MMs resulted in the production of mediators known to control gut motility and provoked the hypothesis that MM-specific expression of TRPV4 was a critical mediator of gut motility in vivo.
Macrophage-Specific TRPV4 Expression Regulates GI Motility To clearly define the role of macrophage-specific TRPV4 in promoting GI motility in vivo, we generated Trpv4-floxed mice (Trpv4 f/f ) ( Figure 6A ) and crossed them Figure 6D ), increased number of formed fecal pellets retained in the colon ( Figures 6E and 6F) , and decreased water content in the fecal pellets ( Figure 6G ). Further, increased fecal pellet expulsion ( Figure 6H) Figure 6K ). Taken together, these results confirmed that the MM-specific expression of TRPV4 directly regulated the function of intestinal SMCs to control GI motility. Thus, this study established a paradigm of direct GI regulation by the immune system that represented a therapeutic target for GI motility disorders. -Van Meerveld et al., 2017; Holzer, 2007) . However, in this study, we uncovered a pathway by which the TRP channel protein TRPV4 promoted GI motility in both health and disease by influencing the function of intestinal MMs. Moreover, we showed that TRPV4-responsive MMs mediated contractility by directly interacting with SMCs, independently of neuronal input. Finally, we demonstrated that MM-specific TRPV4 was critically required for both homeostatic gut physiology and pathological dysmotility. Collectively, the current study highlighted a paradigm in which, beyond neuronal hypersensitivity and barrier inflammation, TRPV4 played a uniquely important role in regulating mechanical functions of the gut in both health and disease. In recent years, the expression of TRPV4 in the gut has been largely characterized by the use of polyclonal antibodies, the specificity of which has been controversial (Cenac et al., 2010; Grant et al., 2007; Ryskamp et al., 2011) . Therefore, to avoid technical limitations, we sought to undertake an alternative genetic approach using Trpv4 eGFP reporter mice. Employing these mice, we have demonstrated that TRPV4 channels were selectively expressed in vivo by CX3CR1 + MMs but were not present in other components of the contractile apparatus including ICCs, SMCs, and ENS. We found that loss of TRPV4 function was sufficient to impair GI motility under steady-state conditions, suggesting that TRPV4 was a constitutively active CreER ;Gq-DREADD mice subjected to CNO treatment (K). n = 5 mice in each group.
DISCUSSION
GI motility is controlled by many factors including neurotransmitters within the ENS and CNS, GI hormones, and various immune factors (Greenwood
All data are pooled from two to three independent experiments. Data are mean ± SEM. In this figure, statistical significance was determined using one-way ANOVA with Tukey's post-test (A, B, F-I) and Student's t test (C-E, J, and K). *p < 0.05; **p < 0.01; n.s., not significant. See also Figures S4 and S5. signaling molecule evoked by warm temperature or endogenous ligands in the gut and critically required for GI homeostasis. In the setting of pathologic GI dysmotility, we found that both genetic deletion and pharmacologic inhibition of TRPV4 were sufficient to reverse dysmotility and that TRPV4 expressed specifically on MMs was required for this process. Collectively, these studies demonstrated roles for both TRPV4 and MMs in promoting both normal gut motility and pathological dysmotility. CX3CR1 + LP macrophages are also present in the gut, but they are positioned away from the SMCs and All data are pooled from two to three independent experiments. Data are mean ± SEM. In this figure, statistical significance was determined by Student's t test (C, D, F-H, J, and K). *p < 0.05; **p < 0.01; n.s., not significant.
are critically involved in GI immunity. However, in the absence of specific in vivo approaches whereby we can dissect the role of LP macrophages compared to MMs, we cannot rule out the possible effect of CX3CR1 + LP macrophages in regulating GI motility. Nevertheless, MM-mediated PGE2 release and the involvement of PGE2 signaling in macrophage-mediated colon contraction supported the critical role of MMs in regulating GI motility.
Previous studies have demonstrated that MMs secrete BMP2 to stimulate the ENS and influence gut motility, presumably by driving the output from excitatory enteric neurons (Ambudkar, 2009; Muller et al., 2014; Tsvilovskyy et al., 2009) . However, our findings demonstrated an additional pathway by which MMs acted directly on SMCs to regulate colon contractility. Our current findings suggested that PGE2 acted as a paracrine factor derived from MMs to mediate mechanical contraction. Although we and others have shown that PGE2 can activate distinct types of myenteric neurons (Hu et al., 2003; Manning et al., 2002) , we found that blocking enteric neurotransmission with TTX did not affect the contractile responses elicited by TRPV4 activation and MMs stimulated by pharmacologic, optogenetic, and chemogenetic approaches. One potential explanation for this discrepancy is that the amount of PGE2 released by stimulated MMs is enough to cause contraction of SMCs but may not be sufficient to elicit action potential firing in enteric neurons. Thus, by identifying the contributions of MMs to colon contractility through direct activity on SMCs, we have also discovered that PGE2 derived from MMs could act as key effector molecule of gut motility.
Previous studies have shown that PGE2 production catalyzed by COX-2 is a major inflammatory mediator contributing to the pathogenesis of decreased gut motility seen in postoperative ileus (Schwarz et al., 2001) . Given that both COX-1 and COX-2 can lead to PGE2 production via distinct pathways, we further hypothesized that PGE2 might have heterogeneous physiological effects depending on the context. Indeed, downstream of PGE2, EP1/3 receptor signaling mediate intestinal contraction but EP2/4 receptors mediate relaxation. Although we could not exclude the possibility that induced expression of COX-2 contributes to TRPV4-mediated contractile responses in inflamed states, our data demonstrated that COX-1-derived PGE2 from MMs was the critical mediator of GI motility under steady state. Taken together, these findings demonstrated unique and highly specific regulatory mechanisms that likely underlay the regulation of GI motility by TRPV4-expressing MMs.
In summary, we have discovered a role for TRPV4 in promoting both homeostatic and pathological GI motility. We further demonstrated that TRPV4-expressing MMs critically mediated GI contraction by directly influencing SMC function in the colon independently of contributions from the ENS. Thus, we have identified a direct macrophage-smooth muscle axis in GI motility. The observation that these mechanisms were highly specific to MMs has also uncovered a role for the COX-1-PGE2 pathway in gut physiology. The identification of these additional molecular and cellular targets in GI motility open the possibility for therapeutic approaches involving TRPV4 and MMs in the treatment of a wide variety of GI motility disorders.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice Adult (8-10 weeks) male and female C57BL/6J mice (Jackson Laboratories), Trpv4 eGFP (Mutant Mouse Regional Resource Centers, Suzuki et al., 2003) , Cox1 À/À (Houchen et al., 2000) , Cox2 À/À (Houchen et al., 2000) , Cx3cr1 CreER (kindly provided by Gwen Randolph), ChR2 (Jackson Laboratories), Gq-DREADD (Jackson Laboratories), and Trpv4 f/f (Luo et al., 2018) mice were used for this study. All the experimental procedures were approved by the Institutional Animal Care and Use Committee of Washington University School of Medicine. All mice were randomly allocated to different experimental groups by the lab managers who were blinded to the experimental design. Tamoxifen induction of inducible Cre-driver lines was performed by intraperitoneal administration of tamoxifen for 5 consecutive days at 75 mg/kg in 0.2 mL of corn oil. Animals were used 7 days after the final tamoxifen administration.
METHOD DETAILS Dissociation of myenteric neurons
Enzymatic dissociation was used to obtain myenteric neurons for live cell Ca 2+ imaging as previously described (Hu et al., 2002) . The myenteric plexus was dissected and divided into 0.5 cm segments that were then incubated in an enzyme cocktail containing per . Incubation was at 37 C with continuous shaking for 35 min. The digest was then separated from the solution by centrifugation at 2,000 rpm for 10 min. The supernatant was discarded, and the pellets were washed with ice-cold Krebs solution and then recentrifuged twice. The cells were then plated on coverslips coated with poly-D-lysine. Culture medium was minimum essential medium containing: guinea pig serum (2.5%), L-glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 mg/ml), and glucose (15 mM). The cultures were incubated at 37 C in a humidified atmosphere of 5% CO 2 . Proliferation of non-neuronal cells was reduced by including cytosine arabinoside (10 mM) in the culture medium.
Isolation of intestinal SMCs
The longitudinal muscle layer was peeled off and placed in ice-cold modified Krebs solution containing (in mM): 120 NaCl, 12 glucose, 10 HEPES, 6 KCl, 2.5 CaCl 2 , 1.2 MgCl 2 (pH 7.4 with NaOH). The tissue was cut into small pieces (1-2 mm length) and digested in 2 mL Ca 2+ -free modified Krebs solution containing: collagenase (1 mg/ml), bovine serum albumin (1 mg/ml), and soybean trypsine inhibitor (1mg/ml) at 37 C for 16-17 min. After washing 2-3 times, the tissue pieces were slightly triturated with glass Pasteur pipette and kept in low-Ca 2+ (0.8 mM) Krebs solution at 4 C until use.
Isolation of muscularis macrophages
Muscularis macrophages were isolated according to a previously described protocol (Ozaki et al., 2004) . In brief, the colon was dissected out and washed several times with calcium-and magnesium-free (CMF) Hank's solution containing (in mM): 125 NaCl, 5.36 KCl, 15.5 NaHCO 3 , 0.336 Na 2 HPO 4 , 10 glucose, 2.9 sucrose, and 11 HEPES. The colon was cut open alone the mesenteric border, pinned out in a Sylgard-lined dish, and washed with CMF Hank's solution. The smooth muscle layer was isolated by removing the mucosal and submucosal layers and cut into small pieces of 2-3 mm in length. The tissue pieces were incubated in 1.5 mL CMF Hank's solution for 30 min and then in a solution containing 15 mg/ml collagenase type II (300 U/mg, Worthington), 20 mg/ml soybean trypsin inhibitor (Worthington), and 20 mg/ml bovine serum albumin (Sigma) for 30 min at 37 C. After incubation, the tissue pieces were spun down, washed with CMF Hank's solution, and agitated with a pipette. Dispersed cells were filtered with 40 mm cell strainer and maintained in DMEM containing 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin.
Water content of fecal pellets
The freshly expelled fecal pellets were weighed and then reweighed after drying in an oven. Water content of the feces was calculated by the following formula: Water content % = (wet weight of the feces (mg) À dried weight of the feces (mg))/wet weight of the feces (mg) 3 100.
IRI administration and GI transit measurement
For IRI administration, mice received an intraperitoneal injection of IRI (100 mg/kg) or vehicle control (1% DMSO+0.1% Tween 80). The intestinal transit was assayed 2 days later. For GI transit measurement, each mouse was injected with 100 mL FITC-Dextran (5 mg/ml) by oral gavage and sacrificed 90 min later. The whole gut was removed, and the small intestine and colon were equally divided into 10 and 3 segments, respectively. The contents in the stomach (Segment #1), small intestine segments (Segments #2-#11), cecum (Segment #12), and colon segments (Segments #13-#15) were flushed with 1 mL HBSS and centrifuged at 12,000 g for 5 min. The fluorescence intensity of the supernatant was measured at 494 nm (absorption) / 521 nm (emission) wavelength. The geometric center (GC) was calculated with the formula: GC = P (% of total fluorescent signal per segment 3 segment number) / 100.
Isometric tension recording of intestinal strips
Intestinal contractile activity was determined as previously described (Gao et al., 2012) . Briefly, 1 cm whole thickness strips from ileum or colon of each animal were mounted in the longitudinal direction in duplicate in 25 mL organ baths filled with Krebs-Ringer solution aerated with 5% CO 2 95% O 2 gas. The isometric force was monitored by an external force displacement transducer (World Precision Instruments, Inc.) connected to a PowerLab data acquisition system (AD Instruments). The area under the curve (AUC) was calculated and expressed as the motility index. Testing chemicals were added into the recording chamber directly. For optogenetic stimulation, blue laser light generated with a diode-pumped crystal laser (CrystaLaser Model CL-473-050, Reno, NV) was delivered via an optical fiber, which was located to the proximity of the colon wall in the organ bath chamber. , PD98059, or ATK for 10 min or by blue light, capsaicin, AITC, or CNO for 10 min. The level of PGE2 in the supernatant was measured using a prostaglandin E2 EIA kit according to manufacturer's instructions (Cayman).
PGE2 measurement
Flow cytometry and cell sorting Isolated MMs were stained with antibody cocktails on ice in the dark for 30 min. Antibody cocktails included antibodies against mouse CD45, CD11b, CD11c, MHC II, Ly6C, CD64, F4/80, CX3CR1, and CD206. Flow cytometry data were acquired on a LSRFortessa X20 (BD Biosciences) flow cytometer and analyzed using FlowJo 10 (Tree Star). Cell sorting was performed on a FACSAria II (BD Biosciences) cell sorter.
Immunofluorescence
Immunofluorescent staining of whole mounts was performed as described previously described (Gao et al., 2012) . All preparations were examined with Nikon C1 Confocal Laser Microscope System equipped with NIS-Elements software. The primary antibodies included Rat anti-F4/80 (Biolegend), Rat anti-CD206 (AbDSerotec), Chicken anti-GFP (Aves Labs), Mouse anti-HuC/D (Invitrogen), Rabbit anti-Sox10 (Abcam), Rabbit anti-a-SMA (Novus), and Rabbit anti-ANO1 (Abcam). The secondary antibodies included Donkey anti-rat Cy3, Donkey anti-rabbit Cy3, Donkey anti-mouse Cy3, and Alexa Fluor 488 Donkey anti-chicken IgG.
Ca
2+ imaging Fura-2-based ratiometric measurement of [Ca 2+ ] i in myenteric neurons, intestinal macrophages, and SMCs was performed as previously described (Yin et al., 2013) . Fluorescence at 340 and 380 nm excitation wavelengths was recorded using NIS-Elements imaging software. Values were averaged from about 100 cells in time-lapse images from each coverslip. Threshold of activation was defined as 3 standard deviations above the average ($20% above the baseline).
Whole-cell patch-clamp recording Whole-cell patch-clamp recordings were performed using an EPC10 amplifier (HEKA Elektronik) at 25 C as previously described (Yin et al., 2013) . Currents were filtered at 2 kHz and digitized at 10 kHz. Data were acquired using Patchmaster (HEKA Elektronik) and analyzed using Clampfit 10 (Molecular Devices).
RT-PCR
Total RNA was extracted using Trizol reagent (Invitrogen) according to the manufacturer's instructions. RNA was treated with DNase I (Invitrogen) and the cDNA was synthesized in vitro using ThermoScriptÒ RT-PCR System kit (Invitrogen). The sequences of the primers were: mTRPV4 forward: 5 0 -CCTGCTGGTCACCTACATCA-3 0 , reverse: 5 0 -CTCAGGAACACAGGGAAGGA-3 0 ; mGAPDH forward: 5 0 -GCACAGTCAAGGCCGAGAAT-3 0 , reverse: 5 0 -GCCTTCTCCATGGTGGTGAA-3 0 . For the real-time RT-PCR detection of TRPV4 mRNA transcripts in the Cx3cr1
CreER ;Trpv4 f/f and wt mice, the primers are: mTRPV4: 5 0 -TGCTTCTCAAGTGTT CACGCCTCTT-3 0 , reverse: 5 0 -ATGTGCTGAAAGACCCCGATCTT-3 0 .
QUANTIFICATION AND STATISTICAL ANALYSIS
Values are reported as the mean ± standard error of the mean (SEM). Where means of two groups were compared, the 2-tailed Student's t test was used to determine significance. Where multiple treatment groups or genotypes were compared, significance between means was calculated using one-way ANOVA with Tukey's post hoc test to calculate p values. A p value < 0.05 was considered statistically significant.
